Abstract. In this paper, a reconfigurable antenna with capability to operate in the ultrawideband (UWB) mode from 2.85 to 14.4 GHz with switchable notch bands of 3. 
Introduction
Ultrawideband (UWB) technology is now becoming used in a variety of applications such as positioning systems, short-range communications, and radars. This is because this technology offers advantages of multipath propagation performance, large channel capacity, and potential for ultralow-power implementation of transmittingonly devices [1] . Especially, an UWB antenna should be capable of operating over an ultra-wide bandwidth as determined by the Federal Communications Commission (FCC), that is, 3.1-10.6 GHz [2] . Despite the benefits of UWB systems, there are many narrowband systems which severely interfere with the UWB communication system, such as WiMAX (3.3-3.6 GHz), C-band (3.7-4.2 GHz), WLAN (5.15-5.35 GHz and 5.725-5.825 GHz), HIPER-LAN/2 (5.47-5.725 GHz), and X-band (7.25-7.75 GHz). Therefore, UWB antennas with band-notched characteristics to filter this potential interference are desirable. Recently, the various techniques have been applied to design UWB antennas with band-notch characteristics [3] [4] [5] [6] [7] [8] [9] [10] [11] . These include embedment of different slots on the ground plane or on the radiating patch, use of parasitic elements patches, etching of split-ring resonators, use of tuning stubs, meandering of ground plane and so on [3] [4] [5] . For example, UWB slot antennas with reconfigurable bandnotch characteristics are proposed in [6] , [7] . Also in [8] , [9] , notch functions are done by the parasitic patches. A slotted patch has been designed to reject WLAN band [10] and defected ground structure (DGS) [11] are other approaches used for band-notch functions.
In this paper, a compact switchable antenna is proposed for UWB applications. First, the proposed antenna generates UWB (2.85-14 GHz) and then the antenna function can be changed by switches that make the notch bands in application bands (WiMAX/C-band satellite, WLAN and X-band). The UWB characteristics are obtained by embedded square ring-shaped slot on the patch and a parasitic element that is attached to the patch. To achieve the desired frequency reconfigurability, three switches are placed on the proposed antenna. The first switch is embedded over the L-shaped parasitic element and the rectangular patch to filter the WiMAX and C-band satellite. The second switch is located between the two parasitic elements on the ground plane to filter the WLAN band. The third switch is embedded among the square ring shaped-slot to filter the X-band. In comparison with the presented antennas in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , the proposed antenna is compact and uses varied and simple methods to generate single or double notch bands.
Antenna Design and Configuration
The proposed antenna is printed on an FR4 substrate, with dimensions of 17 × 14 × 0.8 mm 3 , permittivity 4.4, and loss tangent of 0.02. Figure 1 shows the schematic and dimensions of the proposed antenna. To achieve 50-Ω characteristic impedance, the length and width of the feed- line are chosen as 2 and 1 mm, respectively. The antenna consists of a defected-rectangular radiation patch with square ring-shaped slot on the patch and a parasitic element that is attached to it. An L shaped parasitic elements are placed in right of the rectangular patch. Also two rectangular parasitic elements embedded on the ground plane. All simulations are done using Ansoft HFSS ver. 11.
UWB Antenna Design
This section details the UWB structure. This antenna generates the band of 2.85-14.4 GHz that is suitable for UWB applications. Figure 2 shows the structure of the designed antenna in four steps with comparisons among return loss characteristics for these quadripartite steps used for UWB performance simulation studies. As shown in Fig. 2 , in the first step, a simple rectangular patch is designed, in the second step, a rectangular parasitic element in the right of the patch is added, in the third step, a square ring-shaped slot is embedded on the patch that plays important role to achieve the UWB, and finally the proposed antenna is shown in the fourth step. The L-shaped parasitic element and two rectangular parasitic elements have low effect for generating the band of UWB.
The position of square ring slot on the rectangular patch is very critical to achieve the UWB band. Figure 3 shows simulated return loss of the proposed antenna for three positions of square ring-shaped slot on the patch in y-axis.
Also the value of L in the ground plane is critical to generate the band of UWB. Figure 4 shows the curve of simulated return loss characteristics of the antenna with distinctive values of L for the parametric analysis and optimization of designs. It is found that by reducing the value of L, the bandwidth increases from 2.85 to over 14 GHz.
Switchable Band-Notched UWB Antenna
The UWB antenna that was introduced in the previous section can be applied as a single or double bandnotched UWB antenna in the bands of WiMAX/C-band, WLAN and X-band. In this research, the switch for reconfigurability is a PIN diode model (HPND-4005). a wire to the antenna ground plane at vias. The control unit can provide one of the three DC voltages, -1 V, 0 V, or +1 V, at each of the output ports. In order to simulate the switches in HFSS, metal bridge model and pin-diode equivalent circuit are designed. According to the data sheet of PIN diode, when the PIN diode is ON-state the pindiode equivalent circuit is with a series inductance of 0.15 nH and resistance of 4.7 , and when the PIN diode is OFF, there is one resistance of 5 k parallel with a capacitance of 0.017 pF. Also, in the metal bridge model the presence of the metal bridge depicts that the switch state is ON; vice versa, the absence of the metal bridge depicts that the switch state is OFF in simulation. The dimension of the ideal switches is selected 1 × 0.5 mm 2 to be close to the actual dimension of a PIN diode switch.
In this section, to discuss the mechanism of the dual band-rejected filtering properties, an equivalent circuit model of the proposed dual band-notched UWB antenna is presented. Figure 7 shows the equivalent circuit of UWB patch antenna with square ring-shaped slot. The proposed antenna is designed by using equivalent circuit of step discontinuity, rectangular patch antenna and square ringshaped slot for notch. In the proposed antenna two steps are used. In this model the patch cavity is modelled as a parallel RLC circuit, while the probe inductance is modelled as a series inductor. A parallel LC circuit shows the notch characteristic. When a notch is incorporated into the patch, the resonance features change. An equivalent circuit for a switch branch is modelled as a parallel LC circuit. The backplane stubs can be represented by the capacitance network shown in Fig. 7 . For microstrip lines, the capacitances per unit length of line can be obtained numerically or by approximate quasi-static techniques [15] . The circuit parameters of C n2 , C n , and L n2 , are the distributed capacitance, resistance of the line, distributed inductance, respectively. As can be seen in Fig. 7 , the equivalent circuit of the square ring-shaped slot corresponds to the LC equivalent circuit model of a bandstop filter. If R1 is equal to 50 Ω in the RLC tank circuit, then the values of C, L and L p at each operating frequency are given as:
where h is the substrate height, W is the feed width, C T is the sum of the capacitors (C n and C n2 ), L T is the sum of the distributed inductances (L n and L n2 ). The back plane can be represented by the capacitance network shown in Fig. 7 . The isolation of DC bias lines from the RF signal is performed by inductor of 70 nH as ferrite beads. Therefore, in the proposed antenna three ferrite beads are simulated as RF chokes for reducing the effects of the DC biasing on the antenna performance. Figure 8 describes the current distribution with and without ferrite beads that is added along the vertical bias lines. As shown in Fig. 8 , when the ferrite beads are added on the DC lines, the effect of bias line on the antenna performance is decreased. The PIN diode equivalent circuit is described in Fig. 9 . This figure shows a comparison among curves of the simulated VSWR of ideal switch (Sw.1), the equivalent circuit of PIN diode, and the measured result. Table 1 shows the ON and OFF states of the diodes for different band-notch of the antenna. For example, to operate the antenna in dual band-rejection (WiMAX and WLAN), it is required to turn ON diodes Sw.1 and Sw.2, so the DC voltages V1 set to -1 V, V2 to 1 V and V3 to 0 V.
Result and Discussions
In designing the antenna, the notched frequency can be empirically predicted by the following formula [5] . By adjusting the dimensions of d = (L p + W d ) in the L-shaped stubs placed on the right of the patch, the center frequencies of the lower and higher notched band can be controlled independently. In (5), c is the speed of the light,  r is the dielectric constant, and
is the length of the stub. According to (1), the calculated notched frequency is 3.651 GHz. The simulated notched frequency is 3.75 GHz. patterns of the antenna in the UWB mode. It can be seen in the figure, there is a reasonable agreement between measurements and simulations in both planes.
The gains of switchable single/tri-band antennas are measured independently using gain comparison method and shown in Fig. 13 . In this figure, the gain is measured in both the planes of the radiation pattern and the peak gain is selected from either plane which gives the larger value.
The antennas have moderate gain with variations <5 dBi throughout the operating band, while the gain drops up to -8 dBi in the other frequencies. The efficiency of the antenna for both ports is measured using the Wheeler cap method and is also incorporated in Fig. 13 . The antenna provides efficiency better than 70% in the bands of 2.5 GHz, 3.6 GHz and 5.3 GHz and it drops to 50% in the notch band at 5.5 GHz.
Time Domain Analysis
To analyze the signal dispersion, the group delay is simulated between two identical antennas in the face-toface orientations, with a distance of 300 mm between them, which obtains the far-field condition of the antenna. As shown in Fig. 14 , the group delay is about 1 ns across the frequency band except in the notched bands for various states, due to the band-notched function. For the rest of the frequency band, the group delay characteristic is relatively flat, indicating that the antennas have good linear transmission performances.
As the UWB communication has been based on impulse radio, it is necessary to consider the impulse distortion of the time-domain response of the proposed antenna. In telecommunication systems, the correlation between the input and output signals is evaluated using the fidelity factor (F) [3] , 
where s(t) and r(t) are the input and output signals, respectively. To calculate the fidelity factor of the proposed dualband notched UWB antenna, it is assumed that the two proposed antennas in Fig. 1 play the role of the transmitting antenna and receiving antenna. The two antennas are aligned pointing face-to-face and side-by-side orientations with a distance of 300 mm. The input signal s(t) formed of the Gaussian pulse can be excited to the transmitting antenna, then the received pulse signal r(t) can be obtained to the receiving antenna. This pulse simulation is performed by a CST Design Studio simulator. By substituting the two normalized pulse signal in (6), we can calculate the fidelity factor F which is the maximum correlation coefficient between two pulse signals. The antenna having F = 1 indicates a perfect match between s(t) and r(t), without distortion in the transmission system of the pulse signal. The fidelity factor F of the proposed dual-band notched UWB antenna for the face-to-face and side-by-side configurations were obtained equal to 0.92 and 0.86, respectively. Values of the fidelity factor show that the proposed UWB antenna exhibits a good time domain performance in the view of operating UWB communication systems.
Conclusion
In this paper a UWB antenna with the switchable single or dual bands notched in application frequency bands is presented. The proposed antenna generates bands of 2.85-14.4 GHz. In addition, by changing state of the switches, single or dual or triple band-notched in bands of WiMAX, C-band satellite, WLAN and X-band, can eliminate the interference between UWB frequency band and other existing wireless communication systems. The proposed antenna is small and has different operating ranges, and it is applicable in a variety of wireless systems. 
